Ambient backscatter is a promising wireless communication technique where low-power users communicate with each other without any dedicated power source. These communicating users transmit their information by reflecting ambient radio-frequency (RF) signals. In this paper, we propose an ambient backscatter communications-assisted wireless-powered underlay cognitive radio network (CRN). The proposed CRN consists of a single primary transmitter (PT) and multiple primary receivers (PRs), secondary transmitters (STs), and secondary receivers (SRs). For efficient utilization of radio resources, the STs in the proposed scheme dynamically adopt either harvest-then-transmit mode or backscatter mode. Furthermore, PRs cooperate with STs to select an appropriate mode for their communication with SRs. To evaluate the performance of our proposed scheme, we conduct system-level simulations. Numerical results show that the performance of the secondary system can be improved in terms of throughput with minimum effect on the communication of primary users.
Introduction
For the realization of Internet of things (IoT), low-power wireless sensor networks (WSNs) have been adopted in numerous applications, such as health care, traffic control, surveillance, and so on. In general, WSNs operate in the unlicensed industrial, scientific, and medical (ISM) spectrum [1] . However, with the extensive use of WiFi, ZigBee, and Bluetooth in modern day applications, the mutual interference problem has become more challenging [2] . To alleviate this problem for a large number of sensors, cognitive radio technology was incorporated in WSNs, which yields cognitive radio sensor networks (CRSNs) [3] . Sensors, in a CRSN, can exploit more channel access opportunities in an underutilized licensed spectrum.
In CRSNs, secondary users can share the spectrum with primary users by adopting one of the two known modes: overlay and underlay modes. In overlay mode, secondary Note that instantaneous excitation signals provide enough power to a backscatter user to carry out its operations [7] . Hence, a dedicated time for energy harvesting is not required.
From the perspective of primary network, the backscattered (reflected) signals received at the primary receiver (PR) are treated as multipath signals from the primary transmitter (PT). This is because of the fact that the modulation rate of backscatter is very low as compared to the modulation rate of the PT's transmission. Hence, the backscattered signals are treated as constant signals from the viewpoint of a PR. Moreover, PR can prevent the effect of multipath distortion from backscattering users by implementing existing techniques used in modern wireless networks, such as cyclic prefix in OFDMA networks [5] . Therefore, ambient backscatter communications with its ultra low-power and low-complexity characteristics can be conveniently employed in a CRSN.
Recently, RF energy harvesting has been introduced and implemented in CRSNs [8] . This leads to a new type of networks, called wireless-powered CRSNs. In this network, the STs are able to harvest energy from primary signals, and use the harvested energy to transfer data to their SRs through a primary channel. Therefore, the transmission used in wireless-powered CRSN is known as harvestthen-transmit mode [9] . A wireless-powered CRSN can be integrated with ambient backscatter communication to improve the performance of the secondary system. Two possible communication modes can be adopted in such networks: (i) harvest-then-transmit mode and (ii) ambient backscatter mode [10] . However, integrating ambient backscatter communications with underlay CRSN may raise different issues as compared to overlay CRSN model considered in [10] . Some of the major challenges faced in underlay CRSN are as follows: (a) how can a secondary user choose between backscatter mode or harvest-thentransmit mode; (b) while using harvest-then-transmit mode, how much time is used for harvesting energy and information transmission; and (c) how to estimate the interference at the PRs.
In order to address the above mentioned issues, we use ambient backscatter-assisted wireless-powered network proposed by [10] in an underlay environment. The proposed CRN consists of a PT and multiple PRs, STs, and SRs. All PRs, STs, and SRs have the capability of performing RF communication and/or ambient backscatter communication. STs considered in our proposed network are energy-constraint devices and harvest energy from ambient RF signals. Thus, STs transmit their information using either harvest-then-transmit mode or backscatter mode. STs select one of the two modes based on the estimated interference they may cause to nearby PRs. STs estimate this interference with the help of channel state information (CSI) between PT and PRs, which is reported by PRs using backscatter communication. The main contributions of this paper are as follows:
• We propose a transmission mode selection mechanism for secondary users, where STs can select either harvest-then-transmit mode or ambient backscatter mode based on the estimated interference at PRs.
• In order to estimate the interference at the PR, we propose an ambient backscattering-based CSI reporting mechanism. PRs report their CSI to nearby STs using backscatter communication.
• To evaluate the performance of the proposed scheme, we conduct system-level simulations. The numerical analysis shows that the proposed scheme improves the performance of the secondary system in terms of average data rates with a minimal effect on the primary communications average data rates.
A preliminary version of this work has been presented at a conference, which briefly describes the integration of ambient backscatter with underlay CRSN [11] . The rest of this paper is organized as follows. In the next section, we present related works. System model and problem formulation are introduced in Section 3. Section 4 explains the proposed scheme in details. Performance of the proposed solution is evaluated in Section 5 and finally, we conclude this paper in the last section.
Related work
In CRSN, the battery life of a sensor user is very important, because it highly affects the network topology once the battery runs out. To improve the network lifetime and energy efficiency, a lot of effort has been put together by the research society [12] [13] [14] [15] [16] . Nonetheless, battery replacement is still required to keep the CRSN active. However, changing the batteries usually costs a lot and can even be dangerous where the sensors are used for monitoring radioactive and toxic materials. Instead of replacing the batteries, wireless power transfer with simultaneous information transfer (SWIPT) was first proposed by Varshney [17] . RF energy transfer was further studied for WSNs in [18] [19] [20] .
In CRSN, despite reliable channel state between PT and secondary users, there would be no gain if the secondary users experience lack of energy. This motivated [21] to introduce the RF energy harvesting to the cooperative relaying CRSN. The users can cooperate at both information and energy levels, through which the energy-limited secondary users can operate continuously. In a similar environment, the authors in [22] proposed an optimal resource allocation scheme for secondary users to maximize the sum throughput. However, for wireless-powered CRSNs, when the secondary users have less opportunity to access the primary channels, backscatter communications can be used to improve the low overall transmission rate for secondary networks [10] .
Recently, backscatter communications powered by RF energy harvesting has received a lot of attention. Parks et al. in [23] proposed a coding mechanism for backscatter users that enables long range communication between them as well as improves the transmission rate as high as 1 Mbps. To provide Internet connectivity for these low power devices, authors in [24] reuse existing Wi-Fi infrastructure to demonstrate its feasibility. Authors in [6] have proposed a network architecture where two users can communicate with each other by integrating energy harvesting and backscatter communications. They consider a scenario where power beacons are deployed for wirelessly powering these users. The users transmit data to their potential receiver by modulating and reflecting a portion of received signals from the power beacons. However, deploying power beacons to recharge an enormous amount of low power users may prove to be costly.
Backscatter communications was also addressed in some recent works [7, 25, 26] . To enhance the throughput of backscatter communications, authors in [25] proposed a reader design with multi-antenna wireless energy beamforming for multiple backscatter users. Lyu et al. [7] have proposed resource allocation policies for multiuser backscatter communication systems. They have considered a dedicated reader antenna, which excites the backscatter user for their concurrent communication with the reader. Authors in [26] have proposed a wireless powered communications network assisted by backscatter communications. Their model consists of a power station, an information receiver and multiple users that can work in either backscatter mode or harvest-thentransmit mode. These works provide useful insight into the backscatter communications and, however, require special infrastructure to generate the excitation RF signals that backscatter users can reflect. Therefore, ambient backscatter communications should be given more attention to exploring cost-effective possibilities for low-power devices.
Recent research works such as [10] have reduced the need for specialized infrastructure. In [10] , an ambient backscatter-assisted CRSN was proposed, where two types of users are present in the network, which can operate in backscatter and harvest-then-transmit modes. For flexible network deployment, the authors assumed that a user could operate in one of the two modes. A singleuser CRSN was considered, and a tradeoff between the backscatter and harvest-then-transmit modes was analyzed. Based on [10] , the authors in [27] extended the work for a multi-user case and studied the optimal time allocation policy. In [10] and [27] , authors have studied an overlay CRSN to maximize the secondary system throughput. However, in practical systems, the possibility of finding idle channels is very low for overlay-based CRSN, which motivates us to study this scenario in an underlay CRSN.
System model
As shown in Fig. 1 , we consider an underlay CRSN scenario, where energy-constrained secondary users simultaneously access the licensed spectrum to transmit their own data. The network consists of primary users, primary° transmitter (PT) and primary receiver (PR), and secondary users, secondary transmitter (ST) and secondary receiver (SR). We denote set of PRs, set of SRs, and set of STs as I, J and K, respectively, where
The PRs and SRs are randomly deployed within the disc radius of PT using Poisson point process (PPP) with densities λ pr and λ sr , respectively. Then, STs are deployed randomly using PPP within the radius of each SR with density λ st . The PT continuously broadcasts radio signals within its coverage area to transfer information to PRs. PRs receive these broadcast signals using their RF communication interface. Furthermore, PRs concurrently report CSI between PT and PR to STs located nearby, using their backscatter interface. Those STs that will receive the CSI from a PR are considered as its nearby STs. Based on the information received from the PR, nearby STs estimate the interference that may be induced to the PR. This estimated interference is then used by the STs to select either harvest-then-transmit mode or backscatter mode. It should be noted that STs cannot operate on harvest-then-transmit mode and backscatter mode simultaneously [5] . Therefore, STs switch between one of the two modes to transfer their information to SRs. To receive useful information from STs, SRs may tune to either RF communication or backscatter communication, depending upon the communication mode used by STs.
For the harvest-then-transmit mode, STs rely only on harvested energy from RF signals transmitted by PT and store the harvested energy in their energy storage units for further data transmission. On the other hand, when the backscatter mode is activated, the STs can backscatter the modulated PT signals to the SRs instantaneously. It is assumed that SRs have the perfect knowledge of each ST's operating mode and are able to select the corresponding demodulators for effective communication [10] . Moreover, the channel gains between the users are modeled by the quasi-static block-fading process. In other words, the channel remains constant over the block time T, but may vary independently from one block to another following an identical distribution. In addition, the small-scale fading experienced by these channels is represented by Rayleigh fading model.
The transmission block structure of the proposed scheme is shown in Fig. 2 . A time block in which PT transmits signals to PRs can be utilized by STs in two main phases: CSI reporting phase and communication phase. For βT duration, i.e., CSI reporting phase, PRs report their CSI to nearby STs by using backscatter communication. Based on the received CSI, each ST estimates the interference it may cause to its nearby PRs. Depending on the estimated interference in the first phase, ST decides to select one of the two modes for (1 − β)T duration in communication phase. In backscatter mode, since STs do not use conventional radio components such as oscillator, mixer, and power amplifiers, they activate their backscatter module from received RF signal power. In addition, STs use the same signals to modulate their data and reflect these signals to communicate with SRs. The SRs may use either passive or active components to demodulate the backscattered signals received from STs. Figure 2a illustrates the operation for backscatter mode. STs communicate with SRs by using backscatter communications for the whole (1 − β)T duration.
In order to harvest energy and decode information simultaneously, we adopt time switching-based receiver architecture at STs [28] . In other words, STs use a portion of time for energy harvesting and use that harvested energy for radio transmission for the rest of the time. We assume that STs consume all the harvested energy to transmit the signals to SR. Figure 2b shows a time switching scheme for the harvest-then-transmit mode of the proposed scheme. During this mode, the communication phase (1−β)T is further divided into α and (1−α), denoting the time ratio between energy harvesting and radio transmission, respectively. ST harvests energy from the received signals of PT for α (1 − β)T time and uses this harvested energy to transfer its information to SR through radio transmission for (1 − α) (1 − β)T time. The details of the proposed procedure are described in the following sections. 
Proposed scheme
In this section, we explain the proposed scheme for underlay CRSN assisted by backscatter communications. Figure 3 presents a graphical overview of the proposed scheme. In step 1, PT broadcasts signals to all the users located within its coverage area. PRs backscatter the received signals to report their CSI to nearby STs in step 2. Based on the received CSI, an ST estimates interference it may cause to the nearby PRs in step 3. ST takes a decision to choose one of the two communication modes based on the estimated interference. If the interference is less than a certain threshold, in step 4a, ST chooses to harvest energy from PT signal power and transmits its information to SR using the harvested energy. On the other hand, if the estimated interference is greater than a threshold, ST chooses to communicate with the SR using backscatter communications in step 4b. The detailed procedure is explained in the following subsections.
CSI reporting phase
In conventional underlay CRSNs, PRs do not assist STs to estimate the channel conditions. This problem is more intractable for broadcast networks, where receivers do not send any acknowledgment of the reception of their data. However, authors in [29] have considered that primary users cooperate with secondary users to enhance mutual performance. In order to maintain high-performance gains for STs and minimize interference at PRs, STs should continuously monitor channel gains between PT and PRs [30] . If an ST can determine the information about the received signal strength at a PR, it will be able to estimate the interference it may cause to that PR. These channel gains can be estimated by using pilot-aided approaches or by employing sensors near all the PRs [30] . Therefore, for reliable estimation of interference at PRs, we assume that each PR is equipped with a backscatter interface, instead of a separate sensor, which is only used for reporting the channel conditions between PR and PT to its nearby STs. This channel condition information can then be used by the nearby STs to estimate interference which may be induced to the PR. Due to low power consumption and simple communications mechanism of backscatter communications, it is rational to assume that PRs use backscatter communications for reporting channel condition to nearby STs.
In broadcast networks such as TV transmissions, the transmissions periodically encode specific symbols for synchronization [31] . These special symbols are used by the receivers to synchronize the timing and compute different channel characteristics such as multipath. Once a PR is synchronized, it reports CSI between PR and PT to its nearby STs using its backscatter interface for βT time. In case more than one PRs are located near a ST, there will be collision if both the PRs report CSI simultaneous. To avoid this collision, βT time slot is further divided into X sub-slots. In each slot, independent of others, a 
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Step 4b. backscattering PR randomly selects a single sub-slot to transmit its signal. This divides each slot into a backscatter phase and a waiting phase of durations 1/X and (1 -1/X), respectively. If two or more PRs select the same sub-slot, then there will be collision, which will be reported back by the receiving ST. Those users will then back-off for a random time and then try to send their information again by randomly selecting another sub-slot in the next time frame. We adopt this simple anti-collision method for our system, however, one can further reduce the number of collisions by adopting more complex anticollision mechanisms reported in [32] .
Communication phase
Based on the interference estimated after the CSI phase, an ST will be allowed to operate on either harvest-thentransmit mode or backscatter mode to communicate with the associated SR. Since there are N number of STs present in the network, some may cause more interference to the nearby PRs and select backscatter mode. On the other hand, some STs may select harvest-then-transmit mode if the interference caused by this mode is less then a specific threshold. The average capacity of SR is computed by averaging the individual capacity of each ST. The main objective of the proposed scheme is to improve the overall data rates of the secondary system in the communication phase, which can be mathematically represented as:
where C b and C rt are the data rates of backscattering and harvest-then-transmit, respectively. The procedure for calculating the data rates of ST using two different modes is explained in the following.
Backscatter mode
The transmission rate of backscatter communication depends on the RC circuit of the backscatter module [5] . The rate may vary according to the different settings of the circuit elements (such as resistance and capacitance of the modulator). In addition, reported data rates of ambient backscatter can range from 1 Kbps [5] to 1 Mbps [24] . Therefore, data rates of the backscatter communications with a fixed transmission rate can be calculated as:
where B b is the transmission rate of the backscatter mode considered for a unit time block. Note that instantaneous excitation signals received from PT provide enough power to the ST for carrying out backscatter operations [10] . Therefore, in Eq. (2), there is no need to consider the circuit energy consumption for the backscatter mode.
Harvest-then-transmit mode
The signals transmitted by PT with transmission power P p are received at PR i and can be given by:
where h p,i is the channel coefficient between PT and PR, d p,i is the distance between the two users, and n i is the additive white Gaussian noise (AWGN) at PR. Similarly, the signals received from PT at ST k can be written as:
where h p,k and d p,k are the channel coefficient and distance between PT and ST, respectively, and n k is the AWGN at ST. For energy harvesting duration (1 − β)αT, the ST k harvests energy from the received signal power (P 0 ), which can be given as:
where η is the energy harvesting efficiency. For radio transmission, ST k utilizes harvested energy E H,k as a source of transmission power. Thus, for a successful transmission, E H,k should be greater than circuit energy consumption E c , i.e., E H,k > E c . Substituting the value of E H,k from (5), the value of energy harvesting time α can be obtained as:
The minimum energy harvesting time α =
is required such that sufficient energy is acquired to activate the circuit of the ST for radio transmission. After accumulating enough energy for radio transmission, the ST transmits the signal x s for (1 − β)(1 − α)T duration and the transmitted power P k can be given as:
where P k must be non-negative if α ≥ α . On the other hand, the PR i reports its CSI to nearby STs by reflecting the received signals from PT by using its backscatter interface. All the STs that will receive this CSI are considered as nearby STs. When CSI is received at STs, they will then estimate the interference that may be caused to the nearby PRs. If nearby STs choose to transmit their information through radio transmission, signal-to-noiseplus-interference-ratio (SINR) at ith PR can be estimated from (3) as:
Nearby ST k, where k ∈ {1, 2, · · · , N } ⊆ K, induce interference to PR i, as indicated in (8) . ST k should limit this interference to a certain level such that the SINR (γ i ) at PR i does not drop below a certain threshold (γ th ). If γ i at PR i is greater than γ th (i.e. γ i > γ th ) after experiencing interference from ST k, ST k will use harvest-then-transmit mode. Otherwise, if γ i < γ th , then ST k will use backscatter mode for its data transfer. The data rates of PR i can be calculated as:
The main focus of the proposed scheme is to improve the performance of the secondary system without compromising a certain level of quality of service for the primary system. In the communication process of primary system, when PT transmits signals to PR, SR also receives those signals, which can be given as:
where h p,j and d p,j are the channel coefficient and distance between PT and SR j, respectively, and n j is the AWGN at the SR j. These signals serve as interference for SR j. The signals received at SR j from ST k can be given as:
where h k,j represents the channel coefficient between ST k and SR j, d k,j is the distance between them, and n j is the AWGN at SR. Substituting the value of P k from (7) into (11), the received signal y j,k can be rewritten as:
SR j receives useful information from ST k and interference from PT. The subsequent SINR at SR j can be written as:
As mentioned before, ST k can successfully use radio transmission only if the harvested energy is greater than the circuit energy consumption. Only then the ergodic capacity of the SR can be non-negative and can be given as:
where
5 Performance evaluation
Simulation setup
We consider a CRSN where PT is a TV broadcast tower operating on 539 MHz frequency and a bandwidth of 6 MHz [5] . We consider that the PT is a source with unlimited power supply and a transmission power P p = 10 kW [10] . All STs within the coverage area of PT, which is set as a disc of radius 1000 m, harvest energy from the signal power of PT. We set energy harvesting efficiency, η = 0.6 and path loss exponent m = 2.7 (for urban wireless network environment). The system parameters are listed in Table 1 . The mean values of randomly generated channel gains |h x,y | 2 , x ∈ {p, k}, y ∈ {k, i, j}, are set to 1. For simplicity, the noise variance at PR, SR, and ST are assumed to be the same, i.e., σ 2 i = σ 2 j = σ 2 k = 0.01. To ensure minimum effect on the communication of primary system, SINR threshold (γ ) at PR is set as − 5 dB. The circuit power consumption is set to -35 dBm [10] . Unless otherwise stated, PRs and SRs are deployed in the network using PPP with densities λ pr and λ sr set to 0.2/km 2 and 0.1/km 2 , respectively. STs are also distributed using PPP with a density λ st = 0.002/m 2 within a radius of 50 m centered at each SR j. Therefore, in terms of distance, nearby PRs are those which are located within 50m radius of STs. An example of our considered network deployment is shown in Fig. 4 .
Each ST present in the simulation environment operates using the proposed scheme presented in Section 4. The capacity for both the modes is obtained from the 
Simulation results
The performance of the proposed scheme is evaluated through results shown in this subsection. Different performance metrics are shown in this subsection to provide an insight to the wireless-powered underlay CRSN with backscatter communications. In the proposed scheme, when the harvest-then-transmit mode is selected, we observe that there is a tradeoff between time ratio for energy harvesting and average data rates of ST. Figure 5 shows the variation of the average data rates of ST for different values of α. The figure plots average data rates of ST for different transmit powers of PT. As shown in the figure, the average data rate of the secondary system is low for lower values of α and increases as the value of α increases. When α > α , the average data rate C rt is concave, and it exhibits the highest value at α = 0.56. We use this value of α to evaluate the affect of other system parameters on the system performance. α represents the time spent for harvesting energy from the received signals of PT; if more energy is harvested, more power will be available for the transmission of data through radio transmission; as a result, the data rates will be improved. On the other hand, a higher value of α means there will be less time for radio transmission and ST will not be able to send more data which results in lower data rates. To provide insight of the effect of the transmission power of PT (P p ) on the proposed scheme, Fig. 6 shows the average data rate of ST for different values of P p . For the value of α = 0.56, the figure shows that as the values of P p increases, the average data rate of ST increases. This is because of the fact that more energy can be harvested for higher values of P p . The harvested energy is then used as the transmission power of ST, which results in higher data rates. It can be seen from the figure that the proposed scheme has the best performance in terms of the average data rate of ST as compared to backscatter mode and harvest-then-transmit mode.
The effect of PR density (λ pr ) on the SINR of STs is shown in Fig. 7 for the proposed scheme. The figure plots the CDF of average SINR at STs for different values of λ pr . Increase in the density of the PR degrades the performance of STs. This is aligned with the basic concept of the underlay CRSN model because less number of STs will be able to use harvest-then-transmit mode as the density of PRs increases. Note that backscatter mode will be still used for the transmission of information from ST to SR. However, the transmission rate of backscatter mode is much less than that of the harvest-then-transmit mode, which results in the degradation of average SINR at STs. Furthermore, we present the results to provide insight on the performance of the proposed scheme by varying different system parameters. To evaluate the performance of the secondary system, Fig. 8 shows the effect on the Fig. 9 Performance of the secondary system under the variation of energy harvesting efficiency (η). Other parameters: α = 0.56, and β = 0.2 average data rate of ST with the variation of backscatter transmission rate. For this performance metric, we use the value of α = 0.56 because it achieves the highest data rates for the harvest-then-transmit mode. It can be seen from the figure that the average data rate of ST achieves the best performance for the proposed scheme as compared to backscatter mode and harvest-then-transmit mode separately. This is because when the ST is unable to operate at harvest-then-transmit mode due to interference at the PR, it can use backscatter mode to transfer its information to the SR.
We then vary the energy harvesting efficiency η shown in Fig. 9 , for different values of the transmission power of PT. Average data rates of ST increases as the value of η increases. Energy harvesting efficiency is the capability of energy harvesting circuit to convert the RF signal power into DC current. This harvested energy is then used by the ST to transmit information towards SR using active radio component. As the value of η increases average data rate of ST also increases because ST can more efficiently harvest energy and use that energy as its transmission power. Furthermore, for higher values of P p the data rates increase which can be confirmed by previous figures.
For the secondary system, we finally evaluate the performance of the proposed scheme by varying the CSI reporting ratio (β). Figure 10 shows the effect on the average data rate of ST with the variation of CSI reporting ratio (β). It is intuitive that the average data rates of the secondary system will decrease with an increase in the value of β. The reason for this decrease is the direct relation of β with both data rates of backscatter mode and harvestthen-transmit mode. Increasing values of β imply that more time will be used for CSI reporting and less time will be available for communication phase. To see the effect of energy harvesting ratio (α), Fig. 11 plots the average data rate of PR in the presence of STs. Since for smaller values of α, the amount of harvested energy is less, consequently, the transmission power of STs is also less and the interference ST may cause will be lower. On the other hand, although less time is available for transmission, STs may cause a significant interference to the nearby PRs. This is because of the fact that large number of STs are located near the PRs and the transmission power of STs is higher for higher values of α. As a result, we choose an optimal value of α, which maximizes average data rate of secondary system and minimizes the effect on the communication of primary system. Communication of the primary system is of prime concern in CRSN and should be guaranteed a certain level of quality of service. Figure 12 plots the CDF of the average SINR at PR. The figure also shows the effect of the proposed scheme on the SINR of PR. It can be observed from the figure that the performance of PR experience a slight degradation due to the presence of STs operating in underlay model. This minor degradation to the performance of the primary system is a limited cost to pay for providing communication opportunity to a large number of users in a CRSN. However, SINR of all the PRs is above a certain threshold level which shows that the proposed scheme minimally affect primary communications.
Conclusion
In this paper, we proposed a new concept of integrating ambient backscatter communications with the cognitive radio network, where STs are wirelessly powered by radio signals transmitted by the PT. Considering an underlay model for the secondary system, we proposed a scheme where STs choose between backscatter mode or harvestthen-transmit mode, based on the estimated interference that will be induced to PRs. The secondary system minimally affects the primary users' performance while coexisting with the primary network. Under the constraints of interference on PRs, the proposed scheme improves the average data rate of the secondary system in underlay CRSN. Furthermore, we evaluate the performance of the proposed scheme through system level simulations. Finally, the results are presented for the proposed scheme to show the improvement in the performance of the secondary system. We also highlight the slight degradation of the primary system which is a tradeoff for providing communication services to a large number of low power secondary users.
